Cross section data are compiled from the literature for electron collisions with nitrogen trifluoride (NF 3 ) molecules. Cross sections are collected and reviewed for total scattering, elastic scattering, momentum transfer, excitations of rotational and vibrational states, dissociation, ionization, and dissociative attachment. For each of these processes, the recommended values of the cross sections are presented. The literature has been surveyed up to the end of 2016.
I. INTRODUCTION
Nitrogen trifluoride or trifluoramine (NF 3 ) gas is widely used in plasma processing technology. NF 3 is used in a number of plasma processes where it is often used as a source of F atoms due to ease of production these atoms via dissociative electron attachment (DEA) and electron impact dissociation both from NF 3 itself and from NF 2 and NF fragment species. The exothermicity from these dissociative processes also provides an important gas heating mechanism. Use of NF 3 in plasma etching, particularly in mixtures with O 2 , see Ref. 1 , provides a source of F − ions due to enhanced dissociative electron attachment process at low (about 1 eV) energies. NF 3 is widely used for semiconductor fabrication processes which include direct etching 2,3 , reactor cleaning 4 and remote plasma sources 5 , where use of pure NF 3 typically limits the reactants reaching the processing chamber to F x and NF x species only. NF 3 is also used in the production of thin films 6, 7 and solar cells 8, 9 ; it provides the initial gas for the HF chemical laser [10] [11] [12] . NF 3 is actually a greenhouse gas with a very high global warming potential which has led to concern on how it is used in the various technologies discussed above 13 . In spite of its importance, experimental studies of electron scattering on NF 3 are rather sparse: for total 14 and elastic 15 cross section measurements come from single laboratories, more measurements exist for ionization [16] [17] [18] and dissociative electron attachment [19] [20] [21] . In absence of experiments, several calculations [22] [23] [24] [25] have been performed. Some reference cross sections based both on experiments a) Electronic mail: corresponding author at mysong@nfri.re.kr and calculations were reported by Lisovskiy et al. 26 in modeling electron transport coefficients and by Huang et al. 1 for modeling remote plasma sources in NF 3 mixtures. Here we perform a detailed analysis of available data for electron scattering on NF 3 , to yield recommended total, elastic, momentum transfer, ionization, dissociation into neutrals, and vibrational, rotational, and electronic excitation cross sections. In the ground electronic state 1 A ′ the molecule has a shape of a pyramid of the C 3v group with fluorine atoms forming an equilateral triangle. Due to its symmetry, the dipole moment of the molecule is aligned along the C 3 symmetry axis. Geometry, electric dipole moment, and rotational constants are specified in Table I.   TABLE I . Properties of NF3 at the equilibrium position of the ground electric state. A, B, and C are rotational constants; α0 is the spherical dipole polarizability.
Property
Value F-N bond length 27 1.365Å FNF angle 27 102.4 • Dipole moment 27 0.235 D A = B 28 10.6810819(15)GHz C 28 5.8440 GHz α0 29 3.62 × 10 −30 m 3
II. TOTAL SCATTERING CROSS SECTION
Practically, absolute data by Szmytkowski et al. 14 at 0.5-370 eV collision energy is the only measurement of total cross section in NF 3 . The beam attenuation deBeer-Lambert's method was used, with a 3 cm long scattering 15 , integral vibrational excitation (Born approximation for the ν3 IR active mode) and total ionization (theory by Rahman et al. 18 ).
cell and 2 × 10 −3 sr mean angular resolution. Systematic errors declared (gas outflow from scattering cell, determination of the scattering length, current non-linearity, pressure and temperature measurements) are within 5%, out of which the declared angular resolution error is 0.2% at low energies, rising to 1% at 100 eV and 2-3% in the high energy limit. The statistical spread (one standard deviation of their weighted mean values) is 1.5% below 1 eV and below 1% at intermediate energies. Total cross sections 14 are compared to experimental elastic 15 , ionization 18 and vibrational excitation (calculated in Born approximation) in Fig. 1 . 24, 25 predict a resonant structure which is much narrower (and higher) than the resonance seen in the total cross section 14 , see Fig. 1 . This may be due to the neglect of nuclear motion in the calculations. Similar discrepancies between theory and experiments are observable for molecular targets, like CO 2 , N 2 O: in these molecules the vibrational excitation constitutes a significant part (about 1/3) of the total cross section 31 . Calculations for N 2 O 32 , similar to those for NF 3 , also give resonant maxima higher that the experiment. Note also that NF 3 is a polar molecule, so the interaction with the incoming electron is more attractive in comparison to targets like CH 4 , and this shifts maxima to lower energies. Two recent calculations 24, 25 indicate that the total cross section should rise in the limit of zero energy, due to the polar character of the molecule. Unfortunately, this was not observed in the experiment 14 , probably because the measurements were stopped at energies higher than the range of such a rise. The rather poor angular resolution of Szmytkowski et al.'s apparatus make their measurement vulnerable to the angular resolution error at high energies. To verify this, in Fig. 2 we show a Bethe-Born plot of total cross sections, as done in our previous review in CH 4 33 ,
Calculations of integral elastic cross section
where energy is expressed in Rydbergs, Ry =13.6 eV and the cross sections is expressed in atomic units a 2 0 = 0.28× 10 −16 cm 2 . Parameters of the fit, based on experimental points 14 between 100-220 eV are A = −110 ± 10 and B = 610±20. Contrary to expectations, the plot in Fig. 2 suggests that total cross sections given by Szmytkowski et al. 14 are overestimates in their high energy limit. We note however that Bethe-Born analysis is not fully justified at energies of few hundreds of eV, see discussion in Ref. 34, 35 . Therefore, in Fig. 2 we plot also total cross sections obtained by the additivity rule 30 : these data coincide with the present Bethe-Born fit up to 200 eV and than deviate slightly upwards. Unfortunately, no information on uncertainties was given by Shi et al. 30 . Table II gives our recommended total cross sections which are based on the experiment of Ref. 14 at energies 1-90 eV and on the Bethe-Born fit at higher energies.
III. ELASTIC SCATTERING CROSS SECTION
Available data for elastic electron scattering from NF 3 are very sparse. The first theoretical study on lowenergy electron collision processes in NF 3 was reported by Rescigno 22 which included Kohn variation calculations of elastic differential cross sections (DCS) and integral cross sections (ICS) for electrons with energies in the range 0-10 eV. The only comprehensive experimental study, which reported elastic DCS, ICS, and momentum transfer cross sections (MTCS) for energies between 1.5 and 100 eV and for angles between 15 • (20 • for energies below 8 eV) and 130 • , was published by Boesten et al. 15 Subsequently, a Schwinger multichannel theoretical approach 23 reported corresponding cross sections for 
IV. MOMENTUM TRANSFER CROSS SECTION
The momentum-transfer cross section for electron-NF 3 collisions was determined in the same studies, mentioned above 15, 22, 23, 25 , where the elastic cross sections were measured or computed. The experimental data by Boesten et al. 15 is not complete, especially, at energies below 1 eV. Out of the three theoretical studies 22, 23, 25 , the most recent one by Hamilton et al. 25 appears to be the most accurate one due to a more accurate method (complete active space-configuration interaction) and a larger basis set employed. However, the position of the resonance near 1 eV in this study is shifted towards lower energies compared to the experimental data. The width of the resonance in all theoretical studies is significantly narrower than in the experiment. Therefore, at energies above 1 eV, where experimental data exist, we recommend the experimental data, namely, the one by Boesten et al. 15 and energies below 1 eV, the theoretical results by Hamilton et al. 25 . The available theoretical and experimental data as well as the recommended set, are shown in Fig. 5 . The values of the recommended data given in Table IV . Lisovskiy et al. 26 measured the drift velocity of electrons in NF 3 in a limited range of high reduced electric field E/p and compared their measurements with the results of the BOLSIG+ calculations using the momentum transfer cross sections of Boesten et al. 15 , and Joucoski and Bettega 23 . Agreement was satisfactorily, especially with calculation using the latter momentum transfer cross section.
V. ROTATIONAL EXCITATION CROSS SECTION
Due to its C 3v symmetry at equilibrium geometry, NF 3 is a symmetric top in the rigid-rotor approximation. It is an oblate rotor with rotational constants given in Table  I . As for other symmetric top molecules, the rotational levels of NF 3 are characterized by two quantum numbers, Electron energy (eV) 10 Cross section ( the rotational angular momentum j and its projection k on the molecular symmetry axis. The fluorine atom has only one stable isotope, 19 F with nuclear spin i = 1/2. Therefore, the total nuclear spin of three fluorine atoms could be I = 1/2 (para-NF 3 ) or 3/2 (ortho-NF 3 ). In the following discussion, we neglect the hyper-fine interaction and mixing between singlet and triplet nuclear-spin states of NF 3 . The total wave function, including the nuclear-spin part, of NF 3 should be of the A 2 irreducible representation of the C 3v group because 19 F is a fermion. It means that for ortho-NF 3 , the space part (rovibronic) of the wave function should also be of the A 2 irreducible representation, because the nuclear spin part is totally symmetric, A 1 . For para-NF 3 , the space part of the wave function should be of the E irreducible representation. In the both cases, it leads to the conclusion that the lowest allowed rotational level in the ground vibronic state has j = 1. The j = 0 rotational level is forbidden for the ground vibronic state because the j = 0 rotational level is of the A 1 representation. For certain excited vibrational or/and electronic states of E and A 2 representations of the ν 3 and ν 4 modes, the j = 0 rotational level is allowed. The only published data on rotational excitation is a theoretical calculation by Goswami et al. 24 , where rotational excitation cross sections starting from j = 0 were calculated using the UK R-matrix code and the Quantemol interface 36 . In order to account for transitions starting from a j = 1 rotational ground state, we employed a similar procedure using the scattering wave functions of Hamilton et al. 25 and, in the outer region, the experimental value for the NF 3 dipole moment. Our new data are reproduced in Fig. 6 and numerical values are given in Table V . The magnitudes of the ∆j = 0 transition cross sections presented here are similar those calculated by Goswami et al. 24 . The main differences arise in region of the two shape resonances. The location of the resonances We also performed a quick calculation to estimate the uncertainty of the obtained cross sections due to parameters of the quantum-chemistry model used. The estimated uncertainty is about 5% for elastic ∆j = 0 transition, and about 20% for inelastic transitions.
VI. VIBRATIONAL EXCITATION CROSS SECTIONS
The NF 3 molecule has four vibrational modes, two of which are A 1 non-degenerate modes, ν 1 and ν 2 , and the two others, ν 3 and ν 4 , are doubly-degenerate of E symmetry 15 . The excitation energies of the modes are given in Table VI. The only available experimental data on vibrational excitation is by Boesten et al., 15 where differential cross sections for excitation of the ν 1 /ν 3 modes were measured in a crossed-beam experiment. The cross sections obtained are reproduced in Fig. 7 . Figure 8 shows the cross section integrated over the solid angle. The corresponding numerical values are given in Table VII . Because the differential cross section was not measured for angles below 20 • and above 130 • , performing the integration, we assumed that the DCS below 20 • is equal to the one at 20 • and the DCS above 130 • is equal to the one at 130 • . Such an assumption introduces a significant uncertainty, of the order of 30%, into the integrated cross section. Note that the present estimate of the vibrational cross section at 2.5 eV maximum agrees with the value used by Lisovskiy et al. 26 for modeling electron transport coefficients in NF 3 . 
VII. ELECTRON IMPACT ELECTRONIC EXCITATION AND DISSOCIATION
There are no experimental determinations of electron impact electronic excitation or dissociation. Theoretically Goswami et al 24 considered inelastic processes in their spherical complex optical potential (SCOP) calculations but this procedure does not separate these into their individual contributions. Here we therefore concentrate on the recent R-matrix calculation 37 by Hamilton et al 25 and older Kohn calculations by Rescigno 22 . Both calculations are based on the use of a close-coupling expansion of the target wave functions.
Electron impact dissociation reactions go via excitation to electronically excited states of the target which then dissociate 38 . The dissociation of the N-F in NF 3 is 2.52 eV 39, 40 and no low-lying metastable electronicallyexcited states of NF 3 are known. It can therefore be assumed that all electronic excitation leads to dissociation; a similar assumption has been made in cases where the results are testable against experiment 41 and has been found to be reasonable. Both Rescigno and Hamilton et al made this assumption for NF 3 .
For an accurate calculation of these processes a large number of electronically excited states need to be considered. Born corrections to the electron-impact excitation cross sections were used to account for long range dipole effects 42, 43 .
Hamilton et al 25 estimated the products of the dissociation process by analogy with the observed photodissociation cross sections of Seccombe et al. 44 which suggested that the following process can occur:
These results, which are given in Figure 9 and Table VIII , are the best currently available but they must be considered to be estimates. Experimental studies of electron impact dissociation of NF 3 would be very useful. 45 Generally, the agreement between experiments and the theory is rather poor: experimental data are lower than values calculated. Recommended values from the Landoldt-Börnstein review 46 were obtained as averages of Tarnovsky et al. 47 and Haaland et al. 17 . Total and partial ionization (into NF + 3 , NF + 2 , NF + , N + , NF 2+ 3 , NF 2+ 2 , NF 2+ ) cross sections were compiled between 14-200 eV. No data was reported of F + due to a serious disagreement between the two experiments. (Note that the figure in L-B is miscalled). In Fig. 10 we compare the recommended values from L-B review that resumed earlier experiments, with the recent measurements of Rahman et al. 18 Tarnovsky et al. 16 measured total and partial cross sections in two laboratories (using a magnetic selector and a fast-beam method). The agreement for the NF + 3 parent ionization from the two laboratories is within 8%. Partial cross sections for NF + 2 , NF + , F + ions were measured by the fast ion beam method. An upper limit for the formation of N + was also determined. Total declared 17 (note the multiplying factors in figure) . Thick black line is the total ionization in the complex-potential optical model by Rahman et al. 18 , thin black line with squares is the total ionization in BEB model by Hamiltonet al. 25 uncertainties on cross sections were ±20%.
Haaland et al. 17 used a modified Fourier-transform mass spectrometry: ions were confined radially by a high (2T) magnetic field and axially by an electrostatic (1-2 V) potential. In this method no ions are actually collected but, instead, their electromagnetic influence on the antenna is recorded. Cross sections were normalized to Ar ionization cross sections of Wetzel 48 ; the uncertainty of this normalization is ±12% 17 and the declared total uncertainty ±16%. Data for all partial processes, including double ionizations (NF 2+ 3 , NF 2+ 2 , NF 2+ ) were reported up to 200 eV.
Rahman et al. 18 measured total and partial (but only for single ionization) cross sections up to 500 eV. They used a time-of-flight spectrometer with a 30 cm-long freeflight path for ions. They normalized relative data to the Ar + ionization cross section at 100 eV of Krishnakumar and Srivastava 49 . Declared total uncertainty was ±15%.
The best agreement (within some 15% up to 100 eV) between the three experiments [16] [17] [18] is seen for the NF + 3 parent ion; at higher energies data of Rahman et al. 18 and Tarnovsky et al. 16 On the other hand, this is the only experiment sufficiently sensitive to detect doubly charged molecular fragments, NF 2+ 3 , NF 2+ 2 , and NF 2+ with cross sections of the order 10 −20 − 10 −19 cm 2 , see table IX. Another question is the dependence of the experimental sensitivity on the collision energy. The ion optics performs some focusing and the efficiency of ion collection can depend on their post-collisional velocities. As it was discussed for a long time in CF 4 , see 50 , the problem is particularly difficult when ions are formed with high velocities, and through different fragmentation channels. For NF 3 Tarnovsky et al. 16 observed that NF + 2 ions are formed with little excess kinetic energy for impact energies near the threshold but NF + ions appear with a broad distribution of excess kinetic energy, ranging from zero to about 4 eV.
In time-of-flight method some metastable ions can decay before reaching detector. A rough evaluation of flight times for heavier ions give values in the microseconds range -long enough for some fragmentation to occur. This, tentatively, would explain lower values of the NF + 
A. BEB model
The BEB model was employed by Huo et al. 51 , Haaland et al. 17 and Szmytkowski et al. 14 to calculate the ionization cross section of NF 3 -all giving the maximum for the total ionization cross section of about 4.8 × 10 −16 cm 2 . This agrees also with the "rule-of-thumb" noticed recently for the CH 4 , CH 3 F, ... , CF 4 series 52 that maximum in total ionization cross section (in 10 −16 cm 2 ) can be estimated as 4/3α, where the dipole polarizability α of the molecule is expressed in 10 30 m 3 units. Using for NF 3 the dipole polarizability of 3.62 × 10 −30 m 3 from Ref. 29 one gets a maximum of the total ionization cross section of 4.84 × 10 −16 cm 2 . Recently, Hamilton et al. 25 calculated BEB ionization cross sections using Dunning's augmented Gaussian-type orbitals (aug-cc-pVTZ GTO) and obtained a somewhat higher total cross section maximum (5.19×10 −16 cm 2 ). Subsequently, they applied the same BEB-like analytical expression to derive partial ionization cross sections, adapting appropriate threshold energies. Relative amplitudes were deduced from NIST(National Institute of Standards and Technology) 27 electron-impact ionization mass spectrum at 100 eV. Results for the total cross section are shown in Fig. 10 and for partial cross sections in Fig. 11 . We adopt also these cross sections as recommended values, see table. XI. We note also, that BEB total cross section agrees very well with the optical complex-potential calculation by Rahman et al. 18 , see Fig. 10 . Fig.11 compares BEB 25 partial cross sections with the normalized partial cross sections of Rahman et al.. To do this normalization, the sum of experimental partial cross sections at every energy have been normalized to the BEB value; subsequently at this energy all partial cross sections have been multiplied by the factor obtained. The normalization factors range from 2.3 at 25 eV to 1.22 at 500 eV.
This comparison allows one to distinguish difference between the expected partial cross sections and those actually measured in the time-of-flight experiment. The NF + 2 experimental signal in the energy range above 50 eV is systematically lower than the BEB model; the same holds for the NF + 3 ion which was measured (in all three [16] [17] [18] experiments) to be roughly half as abundant as the BEB 25 values (that were obtained, we recall, via NIST mass spectrum). Figure 11 visualizes that the deficits in the NF + 3 and NF + 2 experimental abundances are compensated by higher values of F + , NF + and N + signals. This once again indicates some complex mechanisms of the dissociative ionization. 18 in the F + production channel) and another, not identified, at 21.8 eV, see table 3. Rahman et al. reported a threshold of 19±1 eV for F + production and assigned it to the NF 3 →F + + NF − 2 process. Note that this is the only reporting on the dipolar dissociation in NF 3 .
C. Recommended values
Taking into account the significant differences between experiments (and their different sensitivities), we decided to recommend total and partial ionization cross sections from the recent BEB analysis by Hamilton et al. 25 , detailed results of which are given in table XI. We stress that such a choice in not free of some coarse assumptions: the validity of BEB model for partial cross sections and correct procedures in measurements of partial ions in NIST experiment. We are also aware that our explanations for the differences between the most recent 18 and earlier experiments 16, 17 are only tentative. Therefore, we refer the reader to data by Rahman et al. 18 (table 2 in their paper) as a complementary choice. In view of importance of NF 3 for plasma processes in semiconductor industries, verification of cross section for total and partial ionization is urgent; new theories would be also welcome. The estimated uncertainty on presently recommended values is +10% −20% for the total ionization and +20% −30% for partial cross sections.
IX. ELECTRON ATTACHMENT (DEA) CROSS SECTION
There are only two published reports, relevant to this evaluation purpose, on the absolute measurements of the dissociative electron attachment (DEA) cross sections for NF 3 : Harland and Franklin 19 and Nandi et al. 20 Other than these, Chantry reported the DEA cross sections for NF 3 at a conference and the results were also contained in a book 21 but were not published in a journal, and therefore, this will not be discussed any further here. There are two experimental determinations of the electron attachment coefficient in swarms, 54, 55 , but the two results are not consistent with each other and it is unclear which is more reliable. Harland and Franklin 19 employed a linear TOF mass spectrometer to measure translational energies of negative ions formed by dissociative resonance capture processes from NF 3 . Nandi et al. 20 have pointed out that mass to charge ratio analysis becomes imperative for the measurement of partial cross sections when more than one type of ions are produced and then it is necessary that the extraction, mass analysis, and the detection procedures for these ions are carried out without discriminating against their initial kinetic energies, angular distributions or their mass to charge ratios. These necessitated them to use a crossed beam geometry and an efficient solution to these problems was to use a segmented time-of-flight (TOF) mass spectrometer along with the pulsed-electron-beam and pulsed-ion-extraction techniques and the relative flow technique. The results of Harland and Franklin 19 and Nandi et al. 20 agree well with each other in the positions of the resonance peaks, but the magnitude show the differences as nearly big as a factor of four. For example, the cross sections of the formation of F − are 0.6 ×10 −16 cm 2 for Harland and Franklin and 2.2 ×10 −16 cm 2 for Nandi et al. In both experiments, F − is the most dominant ion from the DEA process with very small intensities of F − 2 and NF − 2 . For F − 2 , the cross section of Nandi et al. is smaller than that obtained by and Franklin. For NF − 2 , the cross section of Nandi et al. is larger than the corresponding data of Harland and Franklin within a factor of 2. For all the ions, there is a finite cross section even at zero energy. The electron beam has a halfwidth of 0.5 eV. It is possible that the high energy tail of the electron energy distribution is giving rise to the finite cross section at zero energy for F − 2 and NF − 2 20 . The high resolution measurements of Ruckhaberle et al. 56 showed finite cross section for F − at zero energy, whereas both F − 2 and NF − 2 appear only above 1 eV 20 . Considering the fact that Nandi et al. have made more complete measurements of the experimental parameters, we recommend their cross sections for the dissociative electron attachment process of NF 3 . Complete numerical values of the recommended cross sections are presented in Table XII and Fig. 12 . Nandi et al. estimated the uncertainty to be about 15%.
X. SUMMARY AND FUTURE WORK
We present a systematic review of the published cross sections for processes resulting from electron collisions with NF 3 up to the end of 2016. Both measurements and theoretical predictions are considered, although priority is given to high quality measurements with published uncertainties where available. The summary of cross section for electron collisions with NF 3 is given in Fig. 13 . There is considerable variation in the reliability of the available data. For the total cross section, the momentum transfer cross section and the ionization cross section, it is possible to recommend values over an extended energy range with small uncertainties, typically 10 to 15%. The situation is significantly worse for other processes. For electron impact rotational excitation we rely on predictions from ab initial calculations, but these calculations are far from being complete. The experimental work on this process would be welcome. There is one direct experimental measurements of electron impact vibrational excitation cross sections. Theoretical treatments of this process is possible and should be performed by theorists. Some new, reliable beam measurements of this process would be very helpful. Electron impact dissociation is an important process but the available measurements are inconsistent with each other and we are unable to recommend a good set of data for this process. A new study on the problem is needed. Finally there are two data available for the dissociative electron attachment process.
Here we recommend using the most recent experimental data and are able to provide estimated uncertainty to be about 15%.
This evaluation is one in series of systematic evaluations 33, 57 of electron collision processes for key 
